Sensory neuropathies are the most common neurological complication of HIV. Of these, distal sensory polyneuropathy (DSP) is directly caused by HIV infection and characterized by length-dependent axonal degeneration of dorsal root ganglion (DRG) neurons. Mechanisms for axonal degeneration in DSP remain unclear, but recent experiments revealed that the HIV glycoprotein gp120 is internalized and localized within axons of DRG neurons. Based on these findings, we investigated whether intra-axonal gp120 might impair fast axonal transport (FAT), a cellular process critical for appropriate maintenance of the axonal compartment. Significantly, we found that gp120 severely impaired both anterograde and retrograde FAT. Providing a mechanistic basis for these effects, pharmacological experiments revealed an involvement of various phosphotransferases in this toxic effect, including members of mitogen-activated protein kinase pathways (Tak-1, p38, and c-Jun N-terminal Kinase (JNK)), inhibitor of kappa-B-kinase 2 (IKK2), and PP1. Biochemical experiments and axonal outgrowth assays in cell lines and primary cultures extended these findings. Impairments in neurite outgrowth in DRG neurons by gp120 were rescued using a Tak-1 inhibitor, implicating a Tak-1 mitogen-activated protein kinase pathway in gp120 neurotoxicity. Taken together, these observations indicate that kinase-based impairments in FAT represent a novel mechanism underlying gp120 neurotoxicity consistent with the dying-back degeneration seen in DSP. Targeting gp120-based impairments in FAT with specific kinase inhibitors might provide a novel therapeutic strategy to prevent axonal degeneration in DSP.
Introduction
Distal sensory polyneuropathy (DSP) is a frequent complication of human immunodeficiency virus (HIV) infection that has persisted despite tight viral control by combination antiretroviral therapy (Kranick and Nath, 2012) . A major pathological characteristic of DSP is progressive, dyingback degeneration of dorsal root ganglion (DRG) axons (Keswani et al., 2002) . DSP patients suffer from excruciating pain (Dorsey and Morton, 2006 ); yet, there is a dearth of effective treatments (Phillips et al., 2010) . A significant body of research has documented the neurotoxicity of the HIV glycoprotein gp120 (Brenneman et al., 1988; Toggas et al., 1994; Lannuzel et al., 1995; Meucci and Miller, 1996; Hesselgesser et al., 1998; Meucci et al., 1998; Singh et al., 2005; Kaul et al., 2007; Bachis et al., 2009) , which is overproduced and shed from the viral capsid (Schneider et al., While gp120 has been shown to cause axonal degeneration (Melli et al., 2006; Robinson et al., 2007) and apoptosis (Hesselgesser et al., 1998; Bachis et al., 2003; Bodner et al., 2004; Bachis et al., 2006) , the underlying mechanisms upstream of these events remain to be elucidated. Interestingly, recent experimental evidence showing internalization and intra-axonal location of gp120 in DRG neurons (Berth et al., 2015) suggests the possibility of neurotoxicity by intra-axonal gp120.
The extreme polarization of DRG neurons with long axons places remarkable transport demands on these cells, since virtually all proteins must be transported from their site of synthesis in the neuronal cell bodies. This daunting task depends upon fast axonal transport (FAT), a cellular process critical for proper functioning and maintenance of axons and synapses . Significantly, genetic and experimental evidence linked impairments in FAT to axonal degeneration in various diseases featuring dying-back degeneration of neurons (Morfini, You, et al., 2009 ). The slowly progressive and subclinical manifestation of DSP (Keswani et al., 2002) follows an established pattern in dying-back neuropathies linked by dysregulation of FAT, termed dysferopathies (Morfini, You, et al., 2009) . In a DSP model using simian immunodeficiency virus-infected macaques, distal axons of peripheral nerves showed an accumulation of damaged mitochondria (Lehmann et al., 2011) , suggestive of alterations in FAT. Additionally, gp120 was found to activate the stress-activated protein kinases, p38 mitogen-activated protein kinase (MAPK), and c-Jun N-terminal Kinase (JNK) in rodent models of DSP (Milligan et al., 2001; Bodner et al., 2004; Wilkerson et al., 2012) , and these kinases are known to regulate FAT by phosphorylating molecular motors (Morfini et al., 2006; Morfini et al., 2013) . Together, these precedents raised the possibility that gp120 might alter FAT by promoting abnormal activation of protein kinases. However, effects of gp120 on FAT have not been examined.
The aim of this study was to define the effect of intraaxonal gp120 on FAT. Studies using the isolated squid axoplasm preparation indicated that gp120 profoundly impaired both anterograde and retrograde FAT through abnormal activation of regulatory kinases for FAT. With the finding that both p38 MAPK and JNK mediated inhibition of FAT, the upstream activator of p38 MAPK and JNK was narrowed down to the MAP3K Tak-1. Interestingly, gp120 was also found to activate inhibitor of kappa B kinase (IKK)-2 downstream of Tak-1, which represents a novel regulatory pathway for FAT. Extending these findings to mammalian sensory neurons, axonal growth assays confirmed a critical role of Tak1 in the axonal pathology associated with gp120 treatment. Collectively, these studies demonstrate a novel toxic mechanism for gp120 that is consistent with the dying-back pattern of neuronal degeneration in DSP.
Materials and Methods

Antibodies and Reagents
The following primary antibodies were used: anti-KHC (H2 clone; [DeBoer et al., 2008] ), anti-p38 MAPK (Cell Signaling #9212), anti-phospho-p38 MAPK (Cell Signaling #9215), anti-dynein intermediate chain 74-1 clone antibody (Santa Cruz #sc-13524), and anti-tubulin DM1A clone antibody (Sigma-Aldrich #T9026). The following secondary antibodies were used: Jackson 111-035-062 HRP-conjugated goat anti-mouse IgG, Jackson 111-035-144 HRP-conjugated goat anti-rabbit IgG, and Amersham PA45010 Cy5-tagged goat anti-mouse IgG. AMD3100 (AMD) and gp120 BaL were obtained from the National Institutes of Health AIDS Research and Reference Reagent Program. Recombinant gp120 IIIB was purchased from Immunodiagnostics (#1001). SB203580 (#559389), okadaic acid (#495620), SP600125 (#420119), I-2 (#14-162), (5Z)-7-oxozeaenol (#499610), and IKK Inhibitor XII (#401491) were obtained from Calbiochem. MW01-2-069A-SRM is a small molecule drug developed at Northwestern University and described in (Munoz et al., 2007) . Recombinant IKK-2 was obtained from Signal Chem. The DVD peptide was synthesized at the UIC Biologic Resources Laboratory facility. ING-135 was a gift from Allen Kozikowski (UIC), and CEP-11004 was a gift from Cephalon.
F11 Cell Culture
F11 cells (a generous gift from Dr. Richard Miller of Northwestern University) were grown in high glucose DMEM media (Invitrogen), supplemented with 10% fetal bovine serum, 10% glutamax, and 10,000 U/ml penicillin-streptomycin; 100 mm-petri dishes were coated with 0.1 mg/ml poly-L-lysine (Sigma) and rinsed four times with autoclaved, deionized water for half an hour each; and 150,000 cells were added to each petri dish. Cells were maintained at 37 C in 5% CO 2 and 95% O 2 . To differentiate the F11 cells, 24 hr after plating the amount of fetal bovine serum was reduced to 5%, and then 24 hr after that the cells were treated with 0.5 mM dibutryl-cAMP (Sigma) in media with 0.5% fetal bovine serum for 4 days.
Cell Lysates
After 4 days of 0.5 mM dibutryl-cAMP (Sigma) treatment, F11 cells were treated with 5 nM gp120 (Immunodiagnostics) for 5, 15, or 30 min. An experimental group of cells were first treated with 2 mM AMD3100 for 1 hr at 37 C prior to treatment with 5 nM gp120 for 5, 15, or 30 min. Treatment with phosphate-buffered saline (PBS), the gp120 diluent, was used as a negative control.
After treatment, cells were scraped and collected in 700 lL lysis buffer (1% sodium dodecyl sulfate in PBS, pH 7.4) and sonicated for two 3-sec bursts each. Cells were spun at 14,000 rpm at 4 C in a Beckman tabletop centrifuge. Protein concentration of clarified lysates was determined using a bicinchoninic acid assay kit (Pierce). Sample buffer was added to the clarified supernatants, and the samples were placed in the À80
C freezer prior to analysis via sodium dodecyl sulfate polyacrylamide gel electrophoresis.
Immunoblots
Protein samples were separated using 4%-12% bis/tris MOPS gradient gel (Invitrogen) and transferred to Immobilon-P transfer membranes (polyvinylidene fluoride, Millipore) at 0.4 Amps for 2 hr in 1X Tobin buffer. Membranes were blocked at room temperature for 60 min with 5% (w/v) nonfat dried milk in PBS or tris-buffered saline (TBS) with 0.1% Tween-20 for phospho-p38 MAPK antibody. Sodium orthovanadate (1 mM) and sodium fluoride (10 mM) were added to TBS in all incubation steps involving the use of phosphoantibodies. Primary antibodies in 1% bovine serum albumin (BSA) or 5% BSA (phospho-p38 MAPK) were added overnight at 4 C with gentle rocking. Primary antibodies were washed 3 Â 10 min with PBST (0.25% Tween-20) or TBST (0.1% Tween-20), and secondary antibodies were added for 1 hr at 4 C with gentle rocking. Membranes were again washed 3 Â 10 min and visualized with ECL (Amersham) and exposed on film (Kodak) for HRP secondary. Immunoreactive band intensities within linear range were quantitated and analyzed using Quantity One software (Bio-Rad Laboratories). The student's t test was used for statistical analysis. Quantitative data were expressed as mean AE SEM, and significance was determined at p < .05.
Vesicle Motility Assays in Isolated Squid Axoplasm
Axoplasms were extruded from giant axons of the squid Loligo pealii (Marine Biological Laboratory) as described (Song et al., 2016) . Gp120 IIIB or gp120 BaL was diluted into X/2 buffer (175 mM potassium aspartate, 65 mM taurine, 35 mM betaine, 25 mM glycine, 10 mM HEPES, 6.5 mM MgCl 2 , 5 mM EGTA, 1.5 mM CaCl 2 , 0.5 mM glucose, pH 7.2) supplemented with 5 mM ATP and 20 ml added to perfusion chambers. Preparations were analyzed on a Zeiss Axiomat with a 100Â, 1.3 n.a. objective, and differential interference contrast optics. Hamamatsu Argus 20 and Model 2400 CCD camera were used for image processing and analysis. Organelle velocities were measured with a Photonics Microscopy C2117 video manipulator (Hamamatsu). All experiments were repeated at least three times. For statistical analysis in Figures 2(e), 3(d), 4(e), and 5(f), data from 30-to 50-min time points were pooled. To compare gp120 treatment to heat-inactivated gp120, Student's two-tailed t test was used. Analysis of variance (ANOVA) was utilized to compare the effects of different inhibitors to both buffer control and to 10 nM gp120 treatment. Quantitative data were expressed as mean AE SEM, and significance was determined at p < .05.
Primary Rat DRG Neuron Cultures
DRGs were dissected from Sprague-Dawley rat embryos at gestation Day 15 (Charles River). Pooled DRGs were dissociated in 2.5% trypsin in 1 Â Hank's balanced salt solution (HBSS) for 10 min in a 37 C water bath, and then the tissue was triturated 10 times with a Pasteur pipet coated with 0.1% BSA in 1 Â HBSS. The DRGs in trypsin solution were incubated for an additional 10 min in the 37 C water bath followed by another round of trituration and repeated for a total of three rounds. Fetal bovine serum (10%) was added to the cell suspension prior to centrifugation and resuspended in unsupplemented neural basal (NB) medium (Invitrogen). The DRG neurons were counted and plated at 300 cells per channel, of the l-Slide VI that contains a six-channel format (ibidi), previously coated with 0.5 mg/mL poly-L-lysine (Sigma #P1399) and 10 lg/ mL mouse laminin (Invitrogen). The DRG neurons were initially plated in a NB media mix supplemented with glutamax, pen-strep, BSA, and B27 (Invitrogen). After 2 to 4 hr, 50% of the initial plating media was changed with the NB media mix plus nerve growth factor (Invitrogen), and the neuronal cultures were maintained under humidified atmosphere containing 5% CO 2 at 37 C. After 24 hr in vitro, during a 50% media change, the DRG neurons were treated with 2 nM recombinant gp120 (ImmunoDiagnostics, Inc #1001), 2 nM heat-inactivated recombinant gp120 (gp120 incubated for 1 hr in 37 C water bath), or 2 nM recombinant gp120 þ 15 nM (5 Z)-7-oxozeaenol (EMD Millipore #499610) an inhibitor of Tak1, or remained untreated as the control.
Primary DRG Neurite Outgrowth Assays
At 72 hr in vitro and 48 hr posttreatment, the DRG neurons were fixed with a solution containing 10% paraformaldehyde, 1 Â PBS, and 8% glutaraldehyde for 20 min at room temperature and then washed with 1 Â HBSS three times for 5 min each. The DRG neurons were labeled via fluorescent immunocytochemistry of a-tubulin for neurite outgrowth measurements. The fixed DRG neurons were quenched for 5 min with 50 nM NH 4 Cl in 1 Â PBS to reduce background, washed in 1 Â PBS, permeabilized with 0.1% triton for 10 min, washed in 1 Â PBS, blocked with 5% milk in 1 Â PBS for 1 hr, incubated with DM1a a-tubulin primary antibody (Sigma #T9026) at 1:1000 in 0.1% triton-PBS overnight at 4 C, washed in 1 Â PBS, incubated with AF488-conjugated secondary antibody (Invitrogen #A11029) at 1:400 in 0.1% triton-PBS for 1 hr at room temperature, and washed in 1 Â PBS, and Vectashield anti-fade mounting media (Vector Laboratories) was applied to each chamber channel. Each well in the ibidi chambers was imaged in a series of micrographs that were tiled to allow visualization of the full extent of all neurites in a well for measurement by fluorescent confocal microscopy (Zeiss LSM 710; Zeiss 10 Â/0,30 Plan-NEOFLUAR). The images were collected and coded by one investigator and subsequently analyzed by another investigator blinded to the experimental condition. The results include the average percentage of DRG neurons, defined by a neuronal cell body with neurite extensions, the average percentage of DRG degenerating neurons, defined by a neuronal cell body with no neurite extensions, and average neurite outgrowth lengths per DRG neuron, using Zeiss Zen Lite imaging analysis software with the measurement module spline tracing feature. Three independent experiments were conducted for each condition, and the quantitative results were averaged for each group and presented as the mean AE SEM. Statistical significance was determined at p < .05 using one-way ANOVA with Bonferroni post hoc analysis.
Results
CXCR4 Involvement in the Activation of p38 MAPK by gp120
Previous studies of DSP indicated that gp120 binding to its coreceptor CXCR4 activates signaling cascades, including ones leading to activation of JNK and p38 MAPK (Bodner et al., 2004; Wilkerson et al., 2012) . The interpretation has been that gp120 binding activates the G-protein coupled receptor CXCR4, causing activation of signaling cascades (Oh et al., 2001) . To further explore the mechanism of p38 MAPK activation, we evaluated kinase activity in F11 cells differentiated with dibutryl-cAMP, which are rat DRG neurons hybridized with mouse neuroblastoma cells (Ghil et al., 2000) . F11 cells were selected for these experiments since their ability to proliferate and differentiate avoids heterogeneity of neuronal cell types characteristic of DRG primary cultures, while retaining similar characteristics to DRG neurons (Francel et al., 1987; Shastry et al., 2001) . A time course was performed in which differentiated F11 cells were treated with 5 nM gp120 for various times. It was found that gp120 transiently activated p38 MAPK 5 min after gp120 treatment, with subsequent deactivation at the later time points of 15 and 30 min (Figure 1(a) ). To examine the role of CXCR4 activation on this effect, differentiated F11 cells were pretreated for 1 hr with 2 mM AMD3100, a small molecule bicyclam that inhibits binding of gp120 to CXCR4 (De Clercq et al., 1994; Donzella et al., 1998) , then with 5 nM gp120. As expected, AMD3100 pretreatment abolished the early activation of p38 MAPK observed 5 min after gp120, demonstrating that transient activation of p38 MAPK depends upon binding of gp120 to CXCR4 (Figure 1 ). However, activation of p38 MAPK after 30 min of gp120 treatment was increased in AMD3100-pretreated cells (Figure 1 ), indicating gp120 treatment might also increase p38 activity though a CXCR4-independent pathway. This observation was consistent with Figure 1 . Activation of p38 MAPK by gp120 treatment. Differentiated F11 cells were treated with 5 nM gp120 for 5, 15, and 30 min. The same volume of PBS, the diluent, was added as a control, and 0.5 M sorbitol treatment (5 min) was used as a positive control for p38 MAPK activation. To examine the contribution of CXCR4 activation on p38 MAPK activation, differentiated F11 cells were incubated with 2 mM AMD3100 for 1 hr prior to gp120 treatment. (a) A representative Western blot shows p38 MAPK activation, as shown by an antibody recognizing phosphorylated (active) p38 MAPK (p-p38). The H2 antibody for kinesin heavy chain (KHC) was used as a loading control. (b) Quantitation of p38 MAPK activation. Dark gray bars represent no AMD3100 pretreatment, and light gray bars represent AMD3100 pretreatment. The amount of phosphorylated p38 MAPK was significantly increased after 5 min of gp120 treatment compared with control (p < .05). This transient activation was abolished by pretreatment with AMD3100 (p < .0001) and was therefore dependent upon CXCR4 activation. However, AMD3100 treatment unmasked a CXCR4-independent activation of p38 MAPK after 30 min of treatment (p < .05). Data represent the mean AE SEM of the ratio of phospho-p38 MAPK to total p38 MAPK from 16 separate experiments. *p < .05.
our prior studies showing multiple pathways of gp120 internalization (Berth et al., 2015) . Analysis with student's two-tailed t test (Figure 1(b) ) confirmed the activation of p38 MAPK at 5 min after gp120 treatment compared with treatment with the diluent PBS (p < .05), the abrogation of p38 MAPK activation by gp120 treatment after AMD3100 pretreatment (p < .0001), and the activation of p38 MAPK after 30 min of AMD3100 and gp120 treatment compared with 5 min of AMD3100 and gp120 treatment (p < .05).
Gp120 Impairs FAT in Isolated Squid Axoplasm
It has previously been demonstrated that a fraction of gp120 can be internalized independent of binding to CXCR4 (Berth et al., 2015) . Accordingly, AMD3100 treatment of F11 cells prevented activation of p38 MAPK by gp120 treatment after 5 min, but not 30 min, suggesting that intracellular gp120 that had been internalized in a pathway independent of CXCR4 (Berth et al., 2015) might be responsible for kinase activation. Because DSP exhibits the same pattern of dying-back neuropathy observed in several unrelated dysferopathies (Morfini et al 2007) , we tested whether intracellular gp120 might also cause dysregulation of FAT.
The isolated squid axoplasm model has proven instrumental in defining signaling pathways that regulate both anterograde (kinesin-1 dependent) and retrograde (cytoplasmic-dynein-dependent) FAT, a cellular process critical for maintenance of the axonal compartment (Brady, 1985; Brady et al., 1985; Brady et al., 1993; Song and Brady, 2013) . Extruded axoplasms were placed on a coverslip with glass spacers, creating a perfusion chamber that allows for perfusion of various proteins and inhibitors. Then, video-enhanced contrast differential interference microscopy was performed, and FAT rate values obtained using a calibrated cursor (Song et al., 2016) .
Perfusion of 10 nM gp120 profoundly impaired both anterograde and retrograde FAT in isolated axoplasms (Figure 2(b) ). In contrast, heat-inactivated gp120 had no effect on FAT and was comparable to FAT in axoplasms perfused with buffer alone (not shown), suggesting that the toxic effect of gp120 depends on its conformation and biological activity (Figure 2(a) ). Statistical comparison between 10 nM gp120 and 10 nM heat-inactivated gp120 revealed a significant difference between both anterograde and retrograde FAT rates (Figure 2(e) ). Moreover, FAT was inhibited in both directions when gp120 was perfused at 100 pM, a more physiologically relevant concentration (Figure 2(c) and (e)). Some studies suggested that neurotoxicity differs between gp120 strains that preferentially bind the coreceptors CXCR4 and CCR5 (Bachis et al., 2009; Bachis et al., 2010) . Based on these precedents, we compared inhibition of FAT between gp120 IIIB, which binds to CXCR4, and gp120
BaL, a CCR5-preferring strain. Demonstrating that inhibition of FAT is conserved across gp120 strains, both 10 nM gp120 BaL and 10 nM gp120 IIIB produced similar impairments of FAT (Figure 2(d) and (e)) compared with heat-inactivated gp120. Statistical analysis with the student's two-tailed t test demonstrated that perfusing axoplasms with 10 nM gp120 IIIB, 10 nM gp120 BaL, or 100 pM gp120 IIIB all significantly decreased anterograde and retrograde FAT compared with heat-inactivated gp120 (Figure 2(e) ).
Gp120 Activates p38 MAPK and JNK to Impair FAT
Previous work established that FAT is regulated by phosphotransferases (Morfini et al., 2002; Morfini et al., 2006; Morfini, Burns, et al., 2009 ). To identify kinases mediating the inhibitory effect of gp120 on FAT, 10 nM gp120 IIIB was coperfused with various inhibitors of kinases and phosphatases known to modulate FAT. Effectiveness of each inhibitor was evaluated using quantitative analysis with ANOVA and post hoc Tukey-Kramer tests, by comparing to both buffer control and to 10 nM gp120. (Morfini et al., 2006; Morfini, You, et al., 2009; Pigino et al., 2009; Morfini et al., 2013) . Inhibitors of the protein kinases CK1 and CK2 did not prevent the toxic effect of gp120 on FAT (data not shown). However, the p38 MAPK and JNK inhibitor SB203580 (5 mM) partially prevented the impairment of FAT (Figure 3(a) ). Quantitative analysis indicated that this effect was statistically significant when compared with 10 nM gp120 alone (Figure 3(d) ). Although retrograde FAT rates were restored to buffer control levels, anterograde FAT velocities were still significantly lower than those observed with buffer controls (Figure 3(d) ). The JNK-specific inhibitor SP600125 was coperfused with 10 nM gp120 to test the involvement of JNK kinases (Figure 3(c) ), or 10 mM of the specific p38 MAPK inhibitor MW01-2-069 A-SRM (MW069A; [Munoz et al., 2007] to evaluate the involvement of p38 kinases [ Figure 3(c)] ). Quantitative analysis revealed that coperfusion of each of these inhibitors with gp120 partially protected anterograde FAT, as evidenced by velocities significantly slower than buffer control and significantly higher than perfusion with 10 nM gp120 alone (Figure 3(d) ). However, analysis of retrograde FAT demonstrated that while MW069A completely protected FAT, SP600125 showed partial protection. These observations suggested a more prominent role of p38s than JNKs on the inhibitory effects elicited by gp120 perfusion. Collectively, these data suggested that gp120 activates signaling pathways involving both p38 MAPK and JNK to impair FAT.
Gp120 Activates PP1 to Impair FAT
The observation that p38 MAPK and JNK inhibitors partially blocked toxic effects of gp120 on FAT suggested Figure 2 . Inhibition of anterograde and retrograde FAT by gp120. Vesicle motility assays in squid axoplasm. Individual velocity (mm/sec) rate measurements (arrowheads) are plotted as a function of time (minutes). Black arrowheads and lines represent anterograde, conventional kinesin-dependent FAT rates. Gray arrowheads and lines represent retrograde, CDyn-dependent FAT rates. Perfusion of 10 nM heat-inactivated gp120 IIIB had no effect on FAT (a), but 10 nM gp120 IIIB profoundly impaired FAT in both anterograde and retrograde that gp120 might activate multiple regulatory pathways for FAT, prompting us to test additional inhibitors. Interestingly, the decrement of FAT caused by gp120 IIIB was also reduced by the addition of 200 nM okadaic acid, an inhibitor of serine or threonine phosphatases PP1, PP2A, and PP2B (IC50: 10 nM; Figure 4(a) ). Quantitative analysis revealed partial protection of FAT in the anterograde direction and complete protection in the retrograde direction (Figure 4(e) ). To test whether the activation of serine threonine phosphatases occurred in Figure 2 . Continued directions (b). The effect of 100 pM gp120 IIIB FAT was comparable to that of 10 nM (c), demonstrating that a physiologically relevant concentration inhibits FAT. Additionally, perfusion of a CCR5-preferring strain, BaL, showed the same impairment of FAT (d), indicating that the effect of FAT inhibition by gp120 is conserved across strains. Box plots were generated using pooled values from 30-to 50 min time points for statistical comparisons of each treatment (e). A student's two-tailed t test performed using pooled values from 30-to 50 min time points demonstrated that 10 nM gp120 IIIB, 100 pM gp120 IIIB, and 10 nM gp120 BaL all significantly inhibit both anterograde and retrograde FAT, compared with heat-inactivated gp120. *p < .001. Figure 3 . Gp120 activates p38 MAPK and JNK to impair FAT. To identify kinases mediating the toxic effect of gp120 IIIB on FAT, coperfusion experiments were done. The p38 MAPK and JNK2/3 inhibitor SB203580 partially protected FAT when coperfused with 10 nM gp120 (a). Similarly, both the specific JNK inhibitor SP600125 (b) and the specific p38 MAPK inhibitor MW069A (069 A) (c) partially protected FAT, suggesting that both p38 MAPK and JNK may be activated by gp120. Box plots were generated to compare each treatment (d). ANOVA and post hoc Tukey-Kramer test were used on pooled values from 30-to 50 min time points to determine statistical significance. # p > .05 compared with buffer control, denoting complete protection. *p < .05 compared with both buffer control and to 10 nM gp120, denoting partial protection. Figure 4 . Gp120-induced inhibition of FAT involves activation of PP1 phosphatase. Since p38 MAPK and JNK inhibition both provided only partial protection, additional phosphotransferase pathways that affect FAT were examined through coperfusion of axoplasms with gp120 and appropriate inhibitors. Okadaic acid (OA), a serine-threonine phosphatase inhibitor, partially protected FAT from gp120-induced parallel to the activation of p38 MAPK and JNK, 10 nM gp120 IIIB was coperfused with both SB203580 and okadaic acid (Figure 4(b) ). Significantly, this treatment completely rescued the impairment of both anterograde and retrograde FAT caused by gp120 IIIB (Figure 4(e) ).
To narrow down which okadaic acid-sensitive phosphatase was activated by gp120 to inhibit FAT, 50 nM of inhibitor I-2 (a PP1-specific inhibitor) was coperfused with 10 nM gp120 IIIB (Figure 4(c) ). Coperfusion of squid axoplasm with gp120 and I-2 partially protected FAT in both the anterograde and retrograde directions ( Figure  4(e) ). Since it has previously been shown that PP1 can impair FAT by activating GSK3b (Morfini et al., 2004) , we coperfused axoplasm with gp120 and 100 nM of the specific GSK3b inhibitor ING-135. However, ING-135 did not prevent the inhibition of FAT elicited by gp120 (Figure 4(d) and (e)). Together, results from these experiments indicate that gp120 independently activates at least two signaling pathways in axons with the downstream targets p38 MAPK, JNK, and another one involving PP1, both contributing to its toxic effect on FAT.
Gp120 Activates a Tak1 Pathway to Impair FAT
JNK3 and p38 kinases are activated by upstream MAPK kinases (MAP2Ks), which in turn are activated by upstream MAP kinase kinases (MAP3Ks; Gallo and Johnson, 2002) , prompting us to determine whether specific MAP3Ks mediate the inhibitory effect of gp120 on FAT. First, an involvement of mixed lineage kinases (MLKs) was tested in coperfusion experiments using the pharmacological inhibitor CEP-11004 (Gallo and Johnson, 2002; Kim et al., 2004) . Coperfusing 10 nM gp120 with 200 nM CEP-11004 did not prevent the inhibition of anterograde FAT by gp120 (Figure 5 (a) and (f)) and only showed marginal protection of retrograde FAT, suggesting the pathway activated by gp120 to impair FAT does not include activation of MLKs.
MAP3Ks other than MLKs, which can also activate both p38 and JNK include Tak1 and Ask1 (Gallo and Johnson, 2002) . To determine whether other MAP3Ks mediated gp120-induced impairment of FAT, additional inhibitors were evaluated in coperfusion experiments.
First, gp120 was coperfused with the DVD peptide, a peptide that competes with docking of MAP2Ks to a subset of MAP3Ks (Takekawa et al., 2005) . Interestingly, DVD peptide partially protected the inhibition of anterograde FAT and completely protected gp120-induced inhibition of retrograde FAT ( Figure  5(b) ). Extending these findings, the selective Tak1 inhibitor (5 Z)-7-Oxozeaenol (50 nM) completely prevented the effects of gp120 in coperfusion experiments (Figure 5(c) ), identifying Tak1 as an upstream MAP3K responsible for gp120-induced impairment of FAT. Although ANOVA analysis only showed partial protection of anterograde FAT, further analysis using the Spearman's correlation indicated that FAT did not decline over time.
Since the Tak1 inhibitor (5 Z)-7-Oxozeaenol completely protected FAT, activation of PP1 is also likely to occur in a pathway downstream of Tak1. Interestingly, Tak1 was shown to interact with PP1 (Platholi et al., 2014) , and PP1 mediates activation of the inhibitor of IKK complex by Tak1, which leads to IKK-2-induced activation of nuclear factor kappa-lightchain-enhancer of activated B cells (NF-kB; Mitsuhashi et al., 2008) . To determine whether this pathway contributed to inhibition of FAT by gp120, recombinant IKK-2 (Signal Chem) was perfused into axoplasm. IKK-2 inhibited both anterograde and retrograde FAT (Figure 5(d) ), revealing a novel effect of IKK-2 on FAT. In addition, coperfusion of gp120 with the IKK-2 inhibitor XII resulted in a partial protection of anterograde FAT and a complete protection of retrograde FAT (Figure 5 (e) and (f)), demonstrating that IKK-2 is a downstream target of Tak1 to impair FAT. Taken together, experiments using the squid axoplasm preparation indicate that intraaxonal gp120 causes dysregulation of FAT by promoting abnormal activation of Tak 1, which in turn promotes activation of multiple signaling cascades comprising specific kinases and phosphatases.
Gp120 Activation of a Tak1 Pathway Also Impairs Sensory Neuron Neurite Outgrowth
Results from squid axoplasm experiments indicated that gp120-induced impairment of FAT is mediated by Tak1 activation. To evaluate the relevance of these findings to Figure 4 . Continued FAT impairment (a). Coperfusion with both OA and SB203580 (which inhibits JNK3 and p38s) had an additive effect to completely protect FAT (b), suggesting that phosphatase activation by gp120 occurs in parallel to JNK and p38 MAPK activation. To narrow down the phosphatase activated by gp120, the specific inhibitor of PP1 I-2 was tested and found to partially protect FAT (c), indicating that PP1 partially mediates the effect of gp120 on FAT. Since PP1 is known to activate GSK-3b to inhibit FAT (Morfini et al., 2004; Kanaan et al., 2011 ), this pathway was tested using a GSK-3b inhibitor ING-135. However, ING-135 did not protect anterograde FAT with marginal protection in the retrograde direction (d). ANOVA and post hoc Tukey-Kramer test were used on pooled values from 30-to 50 min time points to determine statistical significance. # p > .05 compared with buffer control, denoting complete protection from gp120 impairment of FAT. *p < .005 compared with both buffer control and to 10 nM gp120, denoting partial protection from gp120 impairment of FAT. p > .05 compared with 10 nM gp120, denoting lack of protection from gp120 impairment of FAT. Figure 5 . Gp120 activates the MAP3K Tak1 to impair FAT. To determine upstream activators of JNK and p38 MAPK mediating the effects of gp120 on FAT, coperfusion experiments were done using various MAP3K inhibitors. The MLK inhibitor CEP-11004 did not protect FAT from gp120 impairment (a), indicating that gp120 does not activate p38s and JNKs through an MLK-dependent pathway. However, the DVD DSP, the potential for gp120 to affect neurites projecting from primary sensory neurons via Tak1 was assessed. Neurite outgrowth measurements were made on DRG cultured neurons prepared from E15 rat embryos. Representative photomicrographs are presented in Figure 6 of primary DRG neurons that were left untreated (Figure 6(a) ) or treated with 2 nM gp120 (Figure 6(b) ), 2nM gp120 þ 15 nM (5 Z)-7-oxozeaenol (Tak1 inhibitor; Figure 6 (c)), or 2 nM heat-inactivated gp120 (Figure 6(d) ). The treatment was initiated 24 hr Figure 5 . Continued peptide, which blocks conserved docking domains of a subset of MAP3Ks, did partially protect the toxic effect of gp120 on FAT (b), demonstrating that one or more DVD peptide-sensitive MAP3Ks mediate p38 MAPK and JNK activation by gp120. Extending these findings, the specific Tak1 MAP3K inhibitor (5 Z)-7-Oxozeaenol protected FAT in coperfusion experiments with gp120 (c). Since the Tak1 inhibitor showed strong protection, it was postulated that the activation of PP1 is downstream of Tak1 activation and a kinase downstream of Tak1 that is regulated by PP1, IKK-2, was tested. Perfusion of IKK-2 into isolated axoplasm inhibited both anterograde and retrograde FAT (d). Further, coperfusion of axoplasms with gp120 and the selective inhibitor of IKK-2 (Inhibitor XII) partially protected FAT impairments (e), indicating a role for IKK activation in FAT inhibition by gp120. ANOVA and post hoc Tukey-Kramer test were used on pooled values from 30-to 50 min time points to determine statistical significance.
# p > .05 compared with buffer control, denoting complete protection. *p < .005 compared with both buffer control and to 10 nM gp120, denoting partial protection. p > .05 compared with 10 nM gp120, denoting lack of protection. Figure 6 . Gp120 impairs neurite outgrowth through a Tak1-dependent mechanism. Primary rat dorsal root ganglion (DRG) neurons were treated with gp120 to determine whether gp120 altered neuronal morphology via the ability to grow or maintain neurite extensions. Representative photomicrographs illustrate DRG neurons that were untreated (a), treated with 2 nM gp120 (b), 2 nM gp120 plus 15 nM (5 Z)-7-oxozeaenol (c), or 2 nM heat-inactivated gp120 (d). Scale bars indicate 100 mm. The average percentage of DRG neurons exhibiting neurite extensions (e); calculated from separating the DRG neurons into two categories, one included counts of DRG neurons that displayed neurites and the other included counts of DRG neurons that lacked neurites. The average neurite outgrowth length per DRG neuron was determined by measuring all neurites within the sample and dividing by the number of DRG neurons that displayed neurites (f), results given in micrometers. All results averaged from three independent experiments that examined 3,154 neurons in total, including 2,374 neurons exhibiting neurites and 780 neuronal cell bodies without neurites. *p < .05 compared with untreated control, gp120 þ (5 Z)-7-oxozeaenol, and heat-inactivated gp120 groups.
after plating (1 day in vitro), and all groups were fixed at 48 hr posttreatment (3 days in vitro) and immunostained with DM1A, primary antibody specific to a-tubulin for analysis of neurite outgrowth.
DRG neurons were separated into two categories according to their morphology, those that had neurites extending from the perikarya and those that did not have neurite extensions. Extracellular treatment with gp120 resulted in a significant reduction in the percentage of DRG neurons that exhibited neurite extensions (55 AE 7%; p < .05), compared with untreated DRG neurons (82 AE 0.8%; Figure 6 (a), (b), and (e)). Examination of neurite outgrowth measurements revealed that treatment with gp120 also resulted in a significant reduction in the average neurite outgrowth length per DRG neuron (845 AE 199 mm/DRG neuron; p < .05), compared with untreated DRG neurons (1452 AE 73 mm/DRG neuron; Figure 6 (a), (b), and (f)). However, cotreatment with gp120 þ (5 Z)-7-oxozeaenol demonstrated a protective effect by significantly increasing both the percentage of DRG neurons exhibiting neurite extensions (78 AE 7%; Figure 6 (a), (c), and (e)) and the average neurite outgrowth length per DRG neuron (1281 AE 67 mm/DRG neuron; Figure 6 (a), (c), and (f)), compared with DRG Figure 7 . Diagram depicting kinase pathways activated by gp120. The use of pharmacological inhibitors in axonal transport studies here delineated novel signaling pathways by which gp120 impairs FAT. Gp120 was found to activate, directly or indirectly (dotted line) the MAP3K Tak1. Tak1 in turn activates at least two independent signaling pathways. In one pathway, Tak1 activates the IKK complex through a mechanism that requires PP1 activity and leads to activation of IKK-2. How IKK-2 inhibits FAT is currently unknown and depicted by the dotted line. In the second pathway, Tak1 activates canonical MAP2Ks which in turn, promote activation of both p38 MAPK and JNK. Both p38 MAPK and JNK are known to phosphorylate kinesin to inhibit FAT. (5 Z)-7-Oxozeaenol: Tak-1 inhibitor. DVD peptide blocks conserved docking domains to inhibit certain MAP3K's. Okadaic acid inhibits serine or threonine phosphatases. I-2: specific inhibitor of the serine or threonine phosphatase PP1. Inhibitor XII: a specific inhibitor of IKK-2. MW069A: a specific inhibitor of p38 MAPK. SP600125: a specific inhibitor of JNK. SB203580: an inhibitor of p38 MAPK and JNK3.
neurons with gp120 alone. DRG neurons treated with heat-inactivated gp120 did not differ significantly from untreated controls for neurite extensions (80 AE 4%; Figure 6 (a), (d), and (e)) or for the average neurite outgrowth length per DRG neuron (1490 AE 92 mm/DRG neuron; Figure 6 (a), (d), and (f)), compared with untreated DRG neurons. These results suggest that gp120 reduces the ability of DRG sensory neurons to maintain neurite extensions, and gp120's negative impact on neurite outgrowth and sensory neuron morphology can be reversed by a Tak1-specific inhibitor. Together, these results are consistent with results obtained with the isolated axoplasm preparation, providing further evidence for a link between gp120-mediated Tak1 activation and neurite degeneration.
Discussion
Although DSP is the most prevalent neurological complication of HIV, affecting close to 30% of patients, its pathogenesis remains unclear and treatments are limited (Phillips et al., 2010) . Proposed pathological mechanisms of DSP include indirect neurotoxicity by activation of macrophages and direct neurotoxicity by release of viral proteins, such as gp120, which interact with DRG neurons. A recent study indicated that gp120 is internalized by DRG neurons and localizes within their axons (Berth et al., 2015) , suggesting the possibility of an intra-neuronal mechanism for gp120 to cause neurotoxicity.
Several studies utilizing transgenic models or gp120 treatments have linked gp120 to axonal degeneration (Herzberg and Sagen, 2001; Michaud et al., 2001; Keswani et al., 2006; Melli et al., 2006; Robinson et al., 2007) , but the underlying mechanisms underlying for this critical pathogenic event in DSP remained unclear. Induction of neuronal apoptosis has been the most commonly studied parameter for gp120 neurotoxicity (Zheng et al., 1999; Bachis et al., 2003; Bodner et al., 2004; Singh et al., 2004; Singh et al., 2005) ,. However, apoptosis is not a major feature of DSP, and targeting cell death has not been effective at ameliorating disease in dying-back neuropathies (Sagot et al., 1997; Chiesa et al., 2005; Gould et al., 2006) , Instead, the pattern of sensory neuron degeneration in DSP progresses distally to proximally in a ''stocking and glove'' fashion (Keswani et al., 2002) , placing DSP in the category of dying-back neuropathies where degeneration represents an early pathogenic feature that long precedes cell death.
How might intra-neuronal gp120 cause the axonal degeneration phenotype seen in DSP? One possible mechanism is through impairments in FAT. Loss-of-function mutations of the motor proteins kinesin or CDyn are sufficient to cause dying-back neuropathies (Reid et al., 2002; Puls et al., 2003; Munch et al., 2005; Ebbing et al., 2008; Dupuis et al., 2009) . Since the concentration of kinesin is 0.5 mM and tubulin is 25 mM in squid axoplasm (Morris and Lasek, 1984; Brady et al., 1990) , the concentration of perfused gp120 was not high enough to cause sequestration of kinesin or impair FAT through binding to microtubules (Brady et al., 1990) . Further, gp120 perfusion did not alter microtubule structure in the squid axoplasm (data not shown). Therefore, a more plausible explanation is that the severe effect on FAT elicited by gp120 results from activation of signaling cascades that regulate FAT.
Abnormal activation of signaling pathways for regulation of FAT has been implicated in a multiple dyingback neuropathies, including Alzheimer's disease (Pigino et al., 2009; Kanaan et al., 2012 ), Parkinson's disease (Morfini et al., 2007; Chu et al., 2012) , amyotrophic lateral sclerosis (Bosco et al., 2010; Morfini et al., 2013) , spinal bulbar muscular atrophy (Morfini et al., 2006) , and Huntington's disease (Szebenyi et al., 2003; Morfini, You, et al., 2009) , leading to the coinage of ''dysferopathies'' as a term to describe dying-back neuropathies in which impaired FAT has a prominent role (Morfini et al., 2007) . To examine whether DSP itself might be a dysferopathy, the ability of gp120 to alter the activity of kinases involved in regulation of FAT was assessed. Previously, gp120 treatment had been reported to activate JNK (Bodner et al., 2004; Khan et al., 2004) or p38 MAPK (Hu et al., 2005; Singh et al., 2005; Medders et al., 2010) in neurons. The assumption in these studies was that kinase activation and neurotoxic effects of gp120 were dependent upon binding to its coreceptor CXCR4, a GPCR that promotes a transient activation of kinase signaling cascades. Sustained activation of either JNK or P38 MAPK can affect FAT (Morfini et al., 2006; Morfini, You, et al., 2009; Bosco et al., 2010; Morfini et al., 2013) , but transient activation is unlikely to significantly affect transport. However, elimination of the CXCR4 response with AMD3100 pretreatment unmasked a slower activation of p38 MAPK after 30 min of gp120 exposure.
How might this phosphorylation of p38 MAPK occur with no CXCR4 activation? Given that a portion of gp120 internalization in F11 cells was independent of CXCR4 binding (Berth et al., 2015) , the delayed activation of p38 MAPK, corresponding to the timing of gp120 internalization, could be due to the activation of signaling cascades by intracellular gp120. This delayed activation of P38 MAPK would be masked by activation through CXCR4.
The neurotoxicity of different gp120 strains has been a matter of dispute. Some past studies found that T-tropic gp120 was more neurotoxic than M-tropic gp120 (Zheng et al., 1999; Frost et al., 2009; Bachis et al., 2010) , but other studies found similar neurotoxicity for T-tropic and M-tropic gp120 strains (Yi et al., 2004; Kaul et al., 2007) . The divergent strains T-tropic gp120 IIIB (CXCR4) and the M-tropic gp120 BaL (CXCR5) were comparable in their ability to inhibit FAT in axoplasm, suggesting that the effect on FAT is likely to be conserved across strains, even though some studies reported a neuroprotective effect of CCR5 (Kaul et al., 2007) . An explanation for similar neurotoxic effects between the two strains is that squid axoplasm is a plasma membrane-free preparation, so any effects of gp120 seen in these experiments are independent of coreceptor activation.
Since the amount of free gp120 in plasma has been determined to be in the low picomolar to low nanomolar range (Gilbert et al., 1991; Oh et al., 1992) , 100 pM gp120 was perfused to determine if a lower, more physiological relevant concentration might affect transport. In fact, 100 pM gp120 impaired FAT to a similar extent as 10 nM gp120. The local concentration of gp120 around DRG neurons has not been directly measured but is likely higher than plasma concentrations due to the close proximity of infected cells binding to extracellular matrix components or local glial swelling (Nath, 2002; Krathwohl and Kaiser, 2004 ). An important point is that DSP takes decades to develop, although subclinical signs are commonly manifested in HIV patients. Thus, smaller amounts of gp120 internalized by DRG neurons could gradually compromise neuronal function over decades by compromising FAT in DRG neurons.
Partial protection of FAT from the effects of gp120 with coperfusion of axoplasm with gp120 and various inhibitors of kinases and phosphatases identified various components of the signaling pathways likely to mediate gp120 effects on FAT. Partial protection by inhibitors of p38 MAPK, JNK, and PP1 (Figures 3 and 4) suggested that gp120 activates p38 MAPK, JNK, and PP1 to inhibit FAT. In contrast, an inhibitor of TAK1 offered full protection of FAT from the action of gp120 (Figure 5(c) ), suggesting a critical role for this MAP3K in the signaling pathways associated with DSP. The additive effect of MAPK and PP1 inhibitors indicated that PP1 activation occurred in an independent, parallel pathway to the one responsible for activation of p38 MAPK and JNK, both of which may be linked to TAK1.
Additional evidence that gp120 impairs neuronal function by activation of Tak1 was provided by analyzing primary DRG neuron neurite extension after exposure to gp120 in vitro. Exposing primary cultured rat DRG neurons to gp120 directly affected the outgrowth of neurites, through either inhibition of neurite sprouting or initiating degeneration of previously extended neurites. The deleterious effect of gp120 on DRG neurite outgrowth was reversed by concurrent treatment with the Tak1 inhibitor, (5 Z)-7-oxozeaenol, suggesting that DRG neurite susceptibility to gp120 exposure is mediated through Tak1 signaling.
Tak1 MAP3K is well established as an upstream MAP3K for p38 MAPK and JNK (Gallo and Johnson, 2002) , but inhibiting Tak1 also provided complete protection of FAT, suggesting that activation of PP1 is downstream of Tak1. Since Tak1 is known to activate IKK-2 (Sakurai, 2012) , and PP1 has been found to interact with the IKK complex to positively regulate IKK-2 activation (Mitsuhashi et al., 2008) , the activation of IKK-2 by gp120 was tested. In fact, recombinant IKK-2 inhibited anterograde and retrograde FAT, and coperfusion of axoplasm with both gp120 and the IKK-2 inhibitor XII exhibited partial protection, indicating that gp120 activates IKK-2 to inhibit FAT. It is unclear if PP1 is activated by gp120, or if PP1 activity is required for Tak1 activation of IKK-2. These results define a novel role for IKK-2 in regulation of FAT, which is outside of its role in activating NF-kB. Indeed, accumulations of both IKK-2 and its phosphorylated downstream target IkBa have been detected in axons, primarily in initial segments and nodes of Ranvier extending into paranodes (Schultz et al., 2006; Politi et al., 2008) . Phosphorylated IkBa associates with microtubules (Politi et al., 2008) , placing it in an appropriate location to regulate FAT. IkBa was also reported in association with dynein light chain through a yeast two-hybrid screen, coimmunoprecipitation in cell lines and colocalization in immunofluorescence (Crepieux et al., 1997) . However, the mechanism by which IKK-2 or IkBa regulates FAT remains to be defined. Future experiments will determine whether IKK-2 or IkBa might directly phosphorylate kinesin or dynein, or if they activate an intermediate kinase that phosphorylates either motor protein to regulate FAT.
Collectively, results from experiments here revealed a novel mechanism of neurotoxicity for gp120. Gp120 is internalized by neurons, then localized and transported in their axons (Berth et al., 2015) . Intra-axonal gp120 inhibits FAT by affecting regulatory signaling cascades. As impaired FAT promotes axonal pathology, observations here are consistent with the dying-back neurodegeneration seen in DSP. Indeed, pharmacological inhibition of the signaling pathway through which gp120 inhibits FAT in isolated axoplasm was sufficient to prevent neuritic abnormalities in mammalian DRG neurons. This direct effect of gp120 does not exclude the possibility of indirect actions, and it is likely that multiple actions of gp120 synergize to harm DRG neurons. For example, the activation of CXCR4 by gp120 that leads to p38 MAPK activation might synergize with p38 MAPK activation caused by intra-axonal gp120. Additionally, TNF-a has been strongly implicated in the inflammatory response in the indirect pathway for DSP (Herzberg and Sagen, 2001; Keswani et al., 2003; Zheng et al., 2011) . Intriguingly, TNF-a activates the NF-kB pathway through Tak1, which is the same pathway that we have found activated by intra-axonal gp120. These multiple mechanisms leading to activation of Tak1 could very well synergize with each other. Regardless, we propose that impairment of FAT by gp120 is a critical step in the pathway to the development of DSP, making DSP another member of the class of neurological diseases that can be considered dysferopathies. Promoting normal regulation of FAT may represent a promising avenue for therapeutic interventions for DSP.
